A new study identifies an active process that resembles the mammalian cochlear amplifier in the tympanal hearing organ of a tree cricket.
Our ears achieve their exquisite sensitivity and frequency selectivity by means of an active process that is known as the 'cochlear amplifier'. Much like pushing a child on a swing can cause the child to swing fairly high, this amplifier actively boosts sound-induced vibrations inside the ear by pushing them on a cycle-by-cycle basis [1] . Four key phenomena in the mechanical performance of the cochlea can be ascribed to the cochlear amplifier [2] : self-sustained oscillations that can occur in the absence of sound stimulation; a compressive nonlinearity that specifically enhances the tiny vibrations that are induced by faint sounds; a frequency-specific amplification that sharpens the cochlea's mechanical frequency tuning; and power gain, reporting an excess vibrational energy because metabolic energy is actively pumped into the vibrations in the ears. Mechanistically, all these four phenomena arise from the active motility of cochlear outer hair cells, which convert electrical into mechanical energy using prestin motor molecules [3] . Physiologically, these phenomena are all labile, disappearing, for example, under anoxic conditions and, ultimately, post mortem. Physically, all the phenomena represent generic properties of critical oscillators that operate at the brink of an oscillatory instability, a Hopf bifurcation [4, 5] (Figure 1 ). By poising a system close to such a bifurcation, an utmost sensitivity and frequency selectivity can be achieved. In this issue of Current Biology, Natasha Mhatre and Daniel Robert [6] now provide compelling evidence for an active process in the tympanal ears of a tree cricket.
Apart from mammalian cochleae, active processes have been documented for the ears of non-mammalian vertebrates [7] and the antennal hearing organs of Drosophila melanogaster and mosquitoes [8] .
Whether active processes also occur in insect tympanal ears, however, had remained uncertain: tympanal ears are the prime sensory organs insects use to hear high frequency sounds [9] , up to 300 kHz [10] ! As indicated by their name, tympanal ears come along with a pressure-sensitive eardrum and, detecting picometre-range eardrum displacements [11] , can be remarkably sensitive. First hints that insect tympanal ears might achieve this sensitivity by means of active processes were provided by distortion product otoacoustic emissions (DPOAEs) [12] : DPOAEs are a form of nonlinear sound-distortion that, in the cochlea, arises from active amplification [13] . DPOAEs occur in at least some insect tympanal ears where they are physiologically vulnerable and seem to be linked to nonlinear mechanical processes of sound transduction [14] . Whether these DPOAEs are associated with active amplificatory processes, however, had been unclear [14, 15] .
While studying the ears of an Indian tree cricket (Oecanthus henryi), (Figure 2 ) Natasha Mhatre and Daniel Robert [6] discovered that its eardrum occasionally oscillates spontaneously -in the absence of sound stimuli! These oscillations, though tiny, clearly exceeded noise and were sharply tuned to those kilohertz frequencies at which the tree cricket sings. Vibrating the eardrum with sounds at similar frequencies entrained the oscillations, documenting a phase-locking behavior that characterizes critical oscillators. Such entrainment could not be observed if the oscillations were large-amplitude noise.
Intrigued by the self-sustained eardrum oscillations, Mhatre and Robert [6] directly went ahead and Above this critical value, the oscillator displays self-sustained oscillations whose amplitudes and frequencies depend on C. (B) Sensitivity of a critical Hopf oscillator as a function of the stimulus intensity. At the characteristic frequency (here 5 kHz), sensitivity nonlinearly increases, in a log-log plot, with a slope of -2/3. At frequencies far away from this characteristic frequency (e.g. 3 kHz), however, sensitivity stays largely constant across intensities. The result is a frequencydependent amplification, which nonlinearly boosts the sensitivity to sounds at -or near -the characteristic frequency. (C) Sensitivity of the critical Hopf oscillator in panel B as a function of the sound frequency. Sensitivities are shown for three intensities (0, 60, and 80 dB). Hatched lines indicate frequencies used for constructing panel B. The softer the sound (i.e. 0 dB), the sharper becomes the frequency-tuning, resulting in an increased frequency selectivity. Adapted from [4, 5] .
tested for compressive nonlinearities, the second phenomenon that characterizes critical oscillators and the cochlear amplifier. To identify nonlinearities, the authors systematically assayed the vibration response of the eardrum to loud and faint sounds ( Figure 1B) . Eardrums that lacked self-sustained oscillations behaved linearly in that their vibration amplitude increased proportionally to the intensity of the impinging sound. Once an eardrum had entered self-sustained oscillations, however, a compressive nonlinearity emerged: the softer the sound, the larger became the relative vibration amplitude and, thus, sensitivity ( Figure 1B) . This nonlinear enhancement of the eardrum's sensitivity was confined to a narrow range of sound frequencies, documenting that also the third phenomenon of the cochlear amplifier, frequency-specific amplification, can be observed within this insect ear. As a consequence of this frequency-selective amplification, the eardrum's mechanical tuning changed with the intensity of sound ( Figure 1C ): as the intensity was lowered, the tuning sharpened, resulting in an increased sensitivity and frequency-selectivity.
When the authors analyzed the eardrum's nonlinear mechanics in more detail, they found that the slope describing this nonlinearity exactly matches that of a critical oscillator operating near a Hopf bifurcation (-2/3 slope; Figure 1B) . Moreover, as expected for a critical oscillator [4, 5] , the nonlinear mechanics of oscillation eardrums were found to associate with nonlinear side effects such as two-tone suppression and the generation of DPOAEs. Consistent with a physiological origin, the nonlinear effects were vulnerable, disappearing under hypoxia and also when the animals died. Like the self-sustained oscillations, also the nonlinearity could spontaneously appear and disappear, raising the intriguing possibility that the animals can switch the active process on an off. These on-off transitions seemed to roughly follow a diurnal pattern, with the active process being mostly switched on during nighttime, which is when the crickets sing.
Extending the use of active processes to insect tympanal ears, the study of Mhatre and Robert [6] opens up many new avenues for research.
First, to fully establish the activity of the process, it will be interesting to test for power gain. Power gain, the forth phenomenon that is assigned to the cochlear amplifier, is the hallmark of activity [2] : provided that an amplifier is active, more energy must come out of it than initially is fed in. Power gain has been demonstrated for the antennal hearing organ of Drosophila [16] , and given the whole phalanx of critical oscillator behaviors observed by Mhatre and Robert [6] we can expect such power gain to occur also in the ear of the cricket. Second, it will now be possible to trace the motor mechanism that mechanically drives the tree cricket eardrum, which presumably resides in the auditory sensory cells. As shown by Mhatre and Robert [6] , blocking muscular activity does not affect the active process, and this process also seems faster than muscles are able to contract. Precedence that insect auditory sensory cells can promote active processes comes from Drosophila, where amplification is linked to auditory stimulus transduction [16] . At least in theory, such transducer-based amplification has no frequency limit [2, 4] , and thus might be realized in the tree cricket. In analogy to the cochlear outer hair cells, the auditory sensory cells of the crickets might also generate movements with prestin: prestin Figure 2 . Indian tree crickets Oecanthus henryi. Like many other insects, Indian tree crickets Oecanthus henryi communicate acoustically and are endowed with tympanal ears. In these crickets, the tympanal ears of sit on the fore-legs. To detect even the faintest acoustic signals produced by distant conspecific, the crickets rely on an active mechanical process that makes their ears more sensitive. (Image: Natasha Mhatre and Daniel Robert).
orthologs have reportedly been found in insect ears [17] , and, at least in vertebrates, prestin-based amplification turned out to be more widespread than had been thought [18] . Third, the impact of active amplification on auditory signaling and mate finding behavior can now be analyzed, and the same applies to the modulatory mechanism that might switch the active process on and off: efferent control systems, as known from vertebrate hearing, have hitherto not be found in insect ears [19] . Possible alternatives include neuromodulators such as dopamine and serotonin and local control mechanisms that take place within the auditory sensory cells proper. Finally, it will be interesting to learn more about the sensory biology of these animals and to test whether active processes also occur in other insect ears: judging from DPOAEs, many insect tympanal ears behave nonlinearly, but it is only now that an active process has finally shown up in such an ear. Might it be that all the other insects switch off these processes once we are looking at their ears? Or might it be that the tree crickets newly evolved such a process, much like all the other evolutionary innovations that are confined to the ears of certain insects [20] ? Clearly, searching for active processes in insect ears will continue to be a challenging endeavor, especially as the case is now set that they appear -and disappear. Mollusc Evolution: Seven Shells on the Sea Shore Recent phylogenies unite two seemingly very different groups of mollusc: the Polyplacophora with multiple shells and the shell-less Aplacophora. The finding of seven muscle rows in larvae of both classes suggests that polyplacophoran-like shell rows have been lost in adult Aplacophora.
Maximilian J. Telford
The molluscs are a hugely successful and spectacularly diverse phylum of animals, containing many familiar groups such as cephalopods (octopus, squid and nautilus), gastropods (slugs and snails) and bivalves (clams and oysters), as well as less well known groups such as deep sea Monoplacophora. While classifying something as a mollusc has been straightforward -they are united by possession of (at least some of) the canonical characters of a shell-secreting mantle, a rasping radula and muscular foot -relating the various classes within the phylum has proved more difficult. While peace hasn't yet broken out amongst classifiers of the molluscs, some aspects of the phylogenetic relationships of this phylum of animals have, thanks to various multi-gene phylogenies, become clearer in recent years [1] . One point on which most are now agreed is the close relationship between two of the lesser known molluscan classes: polyplacophorans -the chitons that a careful search will reveal from many sea shores ( Figure 1A) ; and aplacophorans -the more esoteric Neomeniomorpha and Chatodermomorpha ( Figure 1B ) [2] [3] [4] . While the link now seems well established, members of these two classes nevertheless look very different. The Polyplacophora are rather typical molluscs: they possess mantle, radula and a fleshy foot. The Aplacophora, meanwhile, are worm-like and look so unlike other molluscs that they were originally classified alongside the sea cucumbers (members of the phylum
